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The Novel Tyrosine Kinase ZAK1 Activates GSK3
to Direct Cell Fate Specification
cell specificity, and also suppress tumor-promoting
gene expression (e.g., myc; He et al., 1998).
While genetic and biochemical screens have identified
Leung Kim, Jingchun Liu, and Alan R. Kimmel*
Laboratory of Cellular and Developmental Biology
National Institute of Diabetes and Digestive
and Kidney Diseases several other components for Wnt/wg signaling that reg-
ulate the GSK3/b-catenin degradative pathway, theNational Institutes of Health
Bethesda, Maryland 20892 mechanisms that mediate signaling from Frizzled recep-
tors to GSK3 are not well understood. Nor is it known
how GSK3 regulation is manifest in vivo, although in
vitro data have suggested that tyrosine phosphorylationSummary
may be required to maximize its activity (Hughes et al.,
1993).Inhibition of GSK3 by 7-TM Wnt/wg receptor signaling
We have previously suggested that antagonistic 7-TMis critical for specifying embryonic cell fate patterns.
cAMP receptor (CAR) pathways in Dictyostelium con-In Dictyostelium, the 7-TM cAMP receptors regulate
verge at GSK3 in the context of cell fate determinationGSK3 by parallel, antagonistic pathways to establish
and axis formation (Ginsburg and Kimmel, 1997), sug-a developmental body plan. We describe here a novel
gesting that both inactivating and stimulating functionstyrosine kinase, ZAK1, downstream of 7-TM cAMP re-
of GSK3 are involved in cell fate decisions. Plyte etceptor signaling that is required for GSK3 activation
al. (1999) have further indicated that CAR3 function isduring development. zak1-nulls have reduced GSK3
required to mediate the developmental activation ofactivity and are defective in GSK3-regulated develop-
GSK3 by cAMP.mental pathways. Moreover, recombinant ZAK1 phos-
We have now identified a novel cAMP-activated pro-phorylates and activates GSK3 in vitro. We propose
tein tyrosine kinase, ZAK1, that is involved in CAR3-that ZAK1 is a positive regulator of GSK3 activity re-
mediated activation of GSK3. car3-null cells are defec-quired for cell pattern formation in Dictyostelium and
tive in ZAK1 activation by cAMP, and zak1-nulls havespeculate that similar mechanisms exist to antagonize
reduced levels of GSK3 enzymatic activity during devel-Wnt/wg signaling for metazoan cell fate specification.
opment and are defective in GSK3-regulated develop-
mental pathways. We have additionally shown that ZAK1
will phosphorylate and consequently activate mamma-Introduction
lian GSK3b in vitro. This study may reveal novel mecha-
nisms involving protein tyrosine kinases (PTKs) for theOrganizing the embryonic body plan is a major requisite
regulation of GSK3-mediated pathways, including Wnt/governing early metazoan development, with morpho-
wg signaling, and suggest that ZAK1 orthologs (or func-gen signaling central in establishing and specifying cell
tionally equivalent PTKs) and parallel signaling path-fates. One of these pathways, involving Wnt/wingless
ways are critical for cell fate specification or tumor sup-(wg) signaling, includes seven-transmembrane (7-TM)
pression in other systems.target receptors (Frizzleds), secreted antagonists (SFRPs),
and a downstream effector, the protein kinase GSK3b
Results(see Moon and Kimelman, 1998; Shulman et al., 1998;
Nusse, 1999). Dictyostelium, a facultative multicellular
cDNA Cloning and Characterization of ZAK1eukaryote, similarly has 7-TM morphogen receptor path-
To isolate Dictyostelium protein tyrosine kinase (PTK)ways for GSK3-dependent regulation of its body plan
cDNAs, we screened a slug stage cDNA expression li-(Harwood et al., 1995; Ginsburg and Kimmel, 1997; Plyte
brary with the phosphotyrosine-specific monoclonal an-et al., 1999). In Dictyostelium, the morphogen is secreted
tibody RC20. The predicted amino acid sequence of onecAMP that activates the 7-TM cAMP receptors (CARs)
isolated PTK cDNA, denoted ZAK1 (see below), revealedand the extracellular antagonist is PDE, a specific phos-
two kinase domains separated by a short interdomainphodiesterase (see Ginsburg and Kimmel, 1997).
region and an z100±amino acid carboxyl terminus ofThe Wnt-GSK3 pathway regulates b-catenin, a tran-
unknown function (see Figure 1). ZAK1 lacks other struc-scriptional cofactor for a set of LEF/Tcf-dependent
tural motifs (e.g., SH2, SH3, and PH domains) commongenes (Brannon et al., 1997; Clevers and van de Weter-
to PTKs or consensus acyl modification sites or TMing, 1997; Roose et al., 1998). Active GSK3 will desta-
moieties essential for membrane targeting (Resh, 1994).bilize b-catenin, and Wnt/wg signaling is suggested
Although the dual kinase architecture of ZAK1 does re-to inhibit GSK3 (He et al., 1995), thereby stabilizing
semble the metazoan Janus kinases (JAKs) that regulateb-catenin and activating LEF/Tcf-mediated gene ex-
STAT (signal transducer and activator of transcription)pression. Thus, GSK3 can function as a developmental
transcription factors, ZAK1 does not contain any of theswitch; factors that activate GSK3 may, therefore, an-
other conserved JAK homology domains (Leonard andtagonize Wnt/wg signaling, regulate axis formation and
O'Shea, 1998; Girault et al., 1999). In keeping with a
nomenclature established for nonreceptor, dual domain
PTKs, we have named this Dictyostelium protein Zaphod* To whom correspondence should be addressed (e-mail: ark1@
helix.nih.gov). kinase 1 (ZAK1), after a fictional ªEx-President of the
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Figure 1. ZAK1 Has Separate Serine/Threonine- and Tyrosine-Specific Protein Kinase Domains
(Top left) The full-length amino acid sequence of ZAK1 was predicted from its cDNA sequence. Critical and conserved residues essential for
serine/threonine (DII) or tyrosine (DI) specific protein kinase activity are in boldface (see Hanks and Hunter, 1995). DII denotes the N-terminal
kinase domain, and DI is the C-terminal kinase domain.
(Bottom left) Amino acid sequences of protein kinase subdomain VIb from DII and DI of ZAK1 in comparison with consensus sequences for
serine/threonine-specific kinases (PSK) and tyrosine-specific kinases (PTK) and with subdomain VIb of serine/threonine-specific protein kinase
C (PKC), tyrosine-specific Src, and DII and DI sequences of Jak3 from mouse (see Hanks and Hunter, 1995).
(Top right) Diagrams for full-length ZAK1 and GST-fusions for full-length (FL), DII, and DI constructs expressed in E. coli.
(A) PY20 anti-phosphotyrosine (a-pTyr) and anti-GST (a-GST) Western blots of purified GST-ZAK1 fusion proteins. Molecular weight markers
are in daltons 3 1023.
(B) In vitro kinase activities for GST control and GST-fusion proteins with [g-32P]ATP and MBP as the substrate. Asterisks denote autophosphory-
lation of FL, DI, and DII fusions. Autophosphorylation of DII is observed with a long exposure, as seen in the right panel. Molecular weight
markers are in daltons 3 1023. Optimal reaction conditions were used for the individual FL, DI, and DII assays (see Experimental Procedures).
Galaxyº with two heads (Adams, 1979). We have also characterized (Adler et al., 1996; L. K. and A. R. K.,
unpublished observations).retained the JAK nomenclature used for classifying the
amino- and carboxy-terminal kinase domains as DII and To determine whether each kinase domain of ZAK1
was catalytically active, we expressed GST-ZAK1 fu-DI, respectively.
Kinase subdomain VIb is a critical region for classify- sions in E. coli for full-length (GST-ZAK1-FL), N-terminal
kinase domain II (GST-ZAK1-DII) and C-terminal kinaseing potential kinases as either serine/threonine- or tyro-
sine-specific (Taylor et al., 1995). The carboxy-terminal domain I (GST-ZAK1-DI) proteins (Figure 1). The recom-
binant proteins were purified using glutathione beadsDI kinase domains of both ZAK1 and Jak3 (see Figure
1) match exactly the consensus for PTKs. Although the and immunoblotted with a phosphotyrosine-specific an-
tibody (a-pTyr). Only the GST-ZAK1-FL and GST-ZAK1-amino-terminal DII kinase domain of the JAKs lacks
many essential amino acid residues and is best de- DI, but not GST-ZAK1-DII, were reactive, despite equiva-
lent loading of the GST fusion proteins (Figure 1A). Thesescribed as an inactive pseudokinase (Leonard and
O'Shea, 1998), the DII region in ZAK1 contains every data indicate that the carboxy-terminal kinase DI domain
of ZAK1 is an active PTK that is capable of autophos-critical amino acid found in bona fide kinases. Signifi-
cantly, its VIb amino acid sequence is consistent with phorylation. Unlike other PTKs, such as Src or Jak3 (see
Hanks and Hunter, 1995), ZAK1 does not have tyrosinethat of the protein serine/threonine kinases (PSKs). How-
ever, there is an extended polyasparagine stretch be- at a conserved position within its activation loop, indi-
cating a distinct autophosphorylation site and perhapstween kinase subdomains VII and VIII within the activa-
tion loop of ZAK1 DII kinase that could potentially affect a different mechanism of regulation or activation (John-
son et al., 1996).substrate access of ZAK1. Two other presumptive dual
domain tyrosine kinases have been described for Dicty- The GST fusion proteins were also assayed (under
optimized conditions; see Experimental Procedures) forostelium. ZAK1 is distinct from both of these, and their
amino-terminal domains have yet to be functionally ability to phosphorylate in vitro an exogenous substrate,
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myelin basic protein (MBP). GST-ZAK1-FL and GST-
ZAK1-DI clearly utilized MBP as a substrate (Figure 1B).
These phosphorylations were resistant to treatment with
1N KOH at 558C (L. K. and A. R. K., unpublished data),
conditions that will hydrolyze serine but not tyrosine
phosphorylation (Cooper and Hunter, 1981). Despite the
conserved subdomain sequences within the N-terminal
kinase DII, under the conditions tested we could not
detect phosphorylation of MBP by GST-ZAK1-DII above
background. However, we did observe marginal (KOH-
sensitive) autophosphorylation by GST-ZAK1-DII, con-
firming that it is a functional PSK. We cannot yet exclude
a unique substrate or buffer that is required for optimized
transphosphorylation by this domain. We also consis-
tently observe a greater specific activity in vitro for
ZAK1-DI kinase than for ZAK1-FL, suggesting perhaps,
that like the JAKs (Luo et al., 1997), the DII domain of
Figure 2. Regulation of ZAK1 mRNA, Protein, and Kinase Activity
ZAK1 can function as a negative regulator of its DI PTK.
(A) Developmental ZAK1 Northern blot. Five micrograms of total
RNA from different developmental times (hr) was loaded in each
Regulation of ZAK1 during Development lane and hybridized with a ZAK1-specific cDNA probe.
(B) Developmental a-ZAK1 immunoprecipitation (IP) kinase assaysWild-type Dictyostelium grow as unicellular organisms
from whole-cell lysates. MBP was added as an exogenous kinasethat become multicellular in a response to starvation.
substrate with [g-32P]ATP, and reactions were assayed on SDS gels,The starved cells then aggregate (within 5 hr) and differ-
treated with 1N KOH for 90 min at 558C, which hydrolyzes phospho-entiate, forming loose mounds (z10 hr; see Figure 3B)
serine bonds but preserves phopho-tyrosine bonds, and autoradio-
with spatially dispersed populations of progenitor pre- graphed.
stalk and prespore cells. The prestalk A cells migrate (C) Developmental ZAK1 immunoblot. Approximately 100 mg of total
protein from different developmental times (hr) was immunopre-to the top of the mound, eventually extending to a tip
cipited with anti-ZAK1-specific sera (a-ZAK1) and probed on West-and forming the anterior zone of the elongated pseudo-
ern blots with the same antibody.plasmodium or migrating slug (z15 hr; see Figure 3B).
The prespore cells represent the primary cell population
at the base of the mound and the posterior region of slugs have an initial normal appearance but migrate
the slug, although the minor prestalk B population is for extended periods and are delayed in culmination,
interspersed among the prespore cells. At terminal dif- eventually forming deranged structures that lack sem-
ferentiation, culmination (z20 hr), the slug becomes blance to terminally differentiated, wild-type fruiting
morphogenically transformed into a fruiting body (z24 bodies. Fruiting body±like structures are observed at a
hr; see Figure 3B) of mature stalk and spore cells. low frequency (,5%) during development on filter pads,
ZAK1 mRNA is not detected during growth phase but these lacked mature spores (L. K. and A. R. K.,
(Figure 2A). ZAK1 mRNA is induced by 5 hr of develop- unpublished observations).
ment during aggregation, reaching an expression peak The failure of zak1-nulls to form spores during devel-
at the slug stage (15 hr). Immunoprecipitable ZAK1-spe- opment was further confirmed by an in vivo assay in
cific kinase activity is not detectable above background monolayer cell culture, where differentiation proceeds
in growing cells. ZAK1 kinase activity reaches its maxi- in the absence of cell contact but is dependent upon
mum at z10 hr of development, coincident with mound exogenous signals (e.g., 8Br-cAMP; see Kay, 1987).
formation and the differentiation of prestalk and pre- Even under these conditions, the zak1-nulls sporulated
spore cells (Figure 2B), although ZAK1 protein levels very inefficiently. This phenotype is similar to that of
appear constant from 5 hr onward (Figure 2C). These gsk3-nulls (in Dictyostelium, GSK3 is encoded by gene
data suggest a possible activation pathway for ZAK1 gskA) and car3-nulls (Figure 4A), strains that exhibit a
during development, perhaps correlated with changes known defect in the prespore/spore differentiation path-
in cell±cell signaling (see below). way (Harwood et al., 1995; Plyte et al., 1999).
To determine whether ZAK1 was involved in the same
pathway for spore differentiation as GSK3, we examinedDevelopmental Function of ZAK1: a ZAK1/GSK3
Activating Pathway for Prespore/ their roles in the regulation of prespore gene expression
during development. zak1-nulls had significantly re-Spore Differentiation
To study the function of ZAK1 during Dictyostelium de- duced levels of prespore-specific cotB mRNA during
development on solid substrate (Figure 4B) or duringvelopment, we created a gene disruption within the DI
kinase region by homologous recombination. Ten inde- differentiation in shaking culture with cAMP (data not
shown), again similar to that of gsk3-nulls (Harwood etpendent ZAK1-disrupted cell clones were isolated that
showed no evidence of ZAK1-specific mRNA, kinase al., 1995). Moreover, prespore cotB gene expression
levels could be rescued in the zak1-nulls by reexpres-activity, or of a truncated protein species (Figure 3A).
All of the isolates exhibited identical phenotypes. zak1- sion of FLAG-tagged ZAK1 from the prespore cotB pro-
moter; as expected, since ZAK1 was reexpressed usingnulls grow normally, aggregate with wild-type kinetics,
but effectively arrest as slugs when developed on bacte- the cotB promoter, the timing of cotB induction was
identical to that of the zak1-nulls. However, this samerial lawns or on nutrient-free agar (Figure 3B). zak1-null
Cell
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Figure 3. Phenotype of zak1-Null Cells
(A) a-ZAK1 immunoprecipitates (IP) from whole-
cell lysates at 18 hr of development. The up-
per panel shows the absence of ZAK1 by
Western blot using a-ZAK1. For IP kinase
assays, MBP was added as an exogenous
substrate with [g-32P]ATP. The middle panel
shows the absence of ZAK1 autophosphory-
lation and the lower panel the lack of MBP
phosphorylation in zak1-nulls (zak12) in com-
parison with wild-type (wt). IP with preim-
mune (PI) serum is included as a control.
(B) Development (hr) of wild-type (wt) and
zak1-null (zak12) cells on DB agar plates. In
wt, mounds form at 10 hr of development,
slugs at 15 hr, and fruiting bodies are seen
at 24 hr.
cotB/ZAK1 construct was unable to increase the re- further studied by monitoring cAMP-sensitive prestalk
ecmB gene expression (Figure 5B). Cells were devel-duced levels of prespore cotB expression in gsk3-null
cells (Figure 4B). These data suggest that tyrosine ki- oped to the mound stage, dissociated, and differenti-
ated in shaking culture in the presence or absence ofnase ZAK1 lies upstream in an activation pathway for
prespore/spore differentiation that is dependent upon DIF-1 and/or cAMP (see Harwood et al., 1995). For all
of these cell lines, prestalk ecmB gene expression wasprotein kinase GSK3.
induced by DIF-1 alone. As with stalk differentiation,
ecmB induction is significantly attenuated in wild-typeA ZAK1/GSK3 Pathway that Inhibits
Prestalk/Stalk Differentiation cells by exogenous cAMP, but not in gsk3-nulls or in
zak1-nulls, indicating that both GSK3 and ZAK1 haveAlthough GSK3 is required to activate spore differentia-
tion, it plays an inhibitory role for the other major cell inhibitory functions for stalk differentiation that are me-
diated by cAMP (Figure 5B). In contrast, no differencestype pathway, stalk formation. Stalk formation can also
be monitored in monolayer culture in the absence of in expression were observed between wild-type and
zak1-null cells for the cAMP-insensitive gene ecmAcell contact. Under these conditions, wild-type stalk cell
differentiation is activated by DIF-1, a chlorinated hexa- (data not shown). Consistent with a function of ZAK1 to
inhibit stalk differentiation, reexpression of ZAK1 withphenone, but is inhibited by cAMP (see Kay, 1987; Figure
5A). The inhibition by cAMP is absent in cells that lack the ecmB promoter repressed prestalk ecmB expres-
sion in zak1-nulls during development (Figure 5C). Since,GSK3 (Harwood et al., 1995). Likewise, while stalk cell
differentiation was induced by DIF-1 in zak1-nulls (at no repression of prestalk ecmB by overexpression of
ZAK1 is observed in gsk3-nulls, the inhibitory role forlevels below wild-type), this was completely insensitive
to inhibition by cAMP (Figure 5A). ZAK1 in stalk differentiation pathways would appear to
depend upon the downstream effector GSK3. However,The loss of stalk inhibition by cAMP in zak1-nulls was
Tyrosine Kinase Activation of GSK3
403
cAMP/CAR3-Dependent Activation of GSK3
Requires ZAK1
Recent data have suggested that in Dictyostelium GSK3
is activated by cAMP receptor (CAR) signaling (Harwood
et al., 1995; Ginsburg and Kimmel, 1997; Plyte et al.,
1999). In particular, the studies of Plyte et al. (1999)
demonstrate a requirement for the CAR3 subtype in
GSK3 activation and in GSK3-mediated induction of
sporulation and repression of stalk formation. Since
zak1-null cells exhibit similar spore and stalk defects to
gsk3-nulls and car3-nulls and since ZAK1 appears to
act genetically upstream of GSK3, we were interested
to ascertain whether ZAK1 were in the same CAR3- and
GSK3-mediated signaling pathway for cell fate determi-
nation.
To examine biochemically whether ZAK1 functioned
upstream of GSK3, we measured GSK3 kinase activity
during the development of wild-type and zak1-nulls.
Both wild-type and zak1-nulls had equivalent GSK3-
specific activities during the first 5 hr of development.
In agreement with previously published data (Plyte et
al., 1999), wild-type cells exhibited a doubling of GSK3-
specific activity during 5 to 10 hr of development (Figure
6A), which temporally paralleled ZAK1 activation (see
Figure 2B). In contrast, GSK3-specific activity in zak1-
nulls increased only z30% during this same period,
despite the equivalent levels of GSK3 protein in wild-
type and zak1-null strains (Figure 6B). We later observedFigure 4. Defective Prespore/Spore Pathways in zak1-Nulls
a progressive reduction in GSK3 activity in both cell(A) Reduced spore formation in zak1-null cells. Wild-type (wt), gsk3-
lines. ZAK1 is not required for basal activity of GSK3,null, and zak1-null cells were incubated with or without 15 mM 8-Br
cAMP for 48 hr in monolayer cultures, and the percentage of phase- as underscored by a comparison of kinase assays from
bright, elliptical spores was determined for each assay. Separate zak1-null, gsk3-null, and wild-type cells during growth
assays were repeated and .1000 cells scored per assay. Data for and early development (0±5 hr). These data confirmed
car3-nulls are included for comparison and are from Plyte et al. that ZAK1 acts to regulate the specific activity of GSK3
(1999).
kinase during Dictyostelium development and that ZAK1(B) Northern blot analysis of prespore cotB gene expression. Wild-
has a similar requirement to CAR3 for the developmentaltype (wt), zak1-nulls, gsk3-nulls, and zak1-null and gsk3-null cells
activation of GSK3 in Dictyostelium (see Plyte et al.,carrying (::) cotB/ZAK1 (with N-terminal FLAG) were developed and
RNA prepared at various hours. Five micrograms of total RNA from 1999; Figure 6A).
different times of development was loaded in each lane and hybrid- Since CAR3 is suggested to regulate a cAMP-stimu-
ized with cotB-specific probe. lated activation of GSK3 in Dictyostelium (Plyte et al.,
1999), ZAK1 may serve to mediate the CAR3 activation
we do not currently understand the apparent reduction signal for GSK3 regulation of cell patterning. Indeed,
in ecmB mRNA levels in zak1-nulls; it may be related although zak1-nulls express normal levels of CAR3 (data
to the complexity of the endogenous ecmB promoter, not shown), they failed to exhibit cAMP-mediated activa-
involving cell type±specific activating and inhibiting ele- tion of GSK3 in differentiating cultures (Figure 6C). To
ments, to the failure of zak1-nulls to culminate, and/or directly examine the role of ZAK1 as the intermediary
to potential pleiotropic effects of ZAK1 function. for CAR3 regulation of GSK3, we developed wild-type
To clarify the regulation of ecmB expression further, and car3-null cells that expressed FLAG-tagged ZAK1
we followed its spatial expression pattern using an in prespore cells (see Figure 4B) and compared ZAK1-
ecmB/lacZ reporter and the cytological staining of specific kinase activity levels following stimulation with
marked wild-type and zak1-nulls. As previously shown, cAMP. As seen in Figure 6D, ZAK1 activity was stimu-
wild-type cells have extremely weak and heterogenous lated to two-fold by cAMP in wild-type controls (and in
ecmB-directed b-galactosidase expression, with the zak1-nulls; data not shown), but we routinely see only
noted poor expression in the anterior zone of the tipped a marginal activation (,25%) of ZAK1 in car3-nulls, per-
mound and of the slug. In contrast, the expression pat- haps related to the presence of CAR1 in car3-nulls (see
tern of ecmB/lacZ is largely expanded in gsk3-nulls (Har- Plyte et al., 1999). These data suggest that CAR3-medi-
wood et al., 1995). In zak1-nulls, ecmB/lacZ expression ated activation of ZAK1 by cAMP is required to fully
was also derepressed in the anterior of the slug, and activate GSK3 and are consistent with the activity profile
strong staining was additionally observed in a manner of ZAK1 during development (see Figure 2B) when levels
suggestive of precocious stalk formation in the absence of CAR3 and extracellular cAMP reach their maxima
before declining (Johnson et al., 1993).of culmination (Figure 5D). Taken together, the data in
Figure 5 indicate that ZAK1 is involved in a cAMP- and The potential minor role for CAR1 in this pathway
could explain the marginal activation of ZAK1 (FigureGSK3-dependent pathway that inhibits stalk differenti-
ation. 6D) and GSK3 (see Plyte et al., 1999) in car3-nulls, the
Cell
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Figure 5. Loss of Stalk Pathway Inhibition in zak1-Nulls
(A) Loss of cAMP-dependent stalk inhibition in zak1-null cells. Wild-type (wt) and zak1-null cells were incubated with 5 mM cAMP for 20 hr
in monolayer cultures, and then incubated with 100 nM DIF-1 or DIF-1 plus cAMP for an additional 20 hr. The percentage of vacuolated stalk
cells was determined for each assay. Separate assays were repeated and .500 cells scored per assay.
(B) Loss of cAMP-dependent repression of ecmB in zak1-null cells. Wild-type (wt), gsk3-null, and zak1-null cells were developed to the mound
stage, dissociated, and incubated in shaking culture for 3 hr with or without 200 nM DIF-1 and/or 1 mM cAMP. Five micrograms of total RNA
from the different incubations was loaded in each lane and hybridized with an ecmB-specific probe.
(C) GSK3-dependent repression of ecmB by ZAK1. Wild-type (wt), zak1-nulls, gsk3-nulls, and zak1-null and gsk3-null cells carrying (::) ecmB/
ZAK1 were developed and RNA prepared at various hours. Five micrograms of total RNA from different times of development was loaded in
each lane and hybridized with an ecmB-specific probe.
(D) Expanded spatial expression of ecmB/lacZ in zak1-nulls. Wild-type and zak1-null cells carrying the ecmB/lacZ reporter were developed
to the slug stage and stained in situ for b-galactosidase activity (Richardson et al., 1994).
ability of car3-nulls to form fruiting body±like structures site on GSK3 is distinct from its autophosphorylation
site (see Figure 7A).at delayed kinetics (Plyte et al., 1999), and the suggested
role of CAR1 in prespore differentiation (Ginsburg and To determine whether GSK3 was activated in re-
sponse to phosphorylation by ZAK1, GSK3b was prein-Kimmel, 1997; Verkerke-Van Wijk et al., 1998). This
would also be consistent with the observed morphologi- cubated with unlabeled ATP, 10 mM Mn21, and purified
GST or GST-ZAK-DI; the GST fusion proteins were re-cal differences among the car3-null, zak1-null, and gsk3-
null strains. moved by absorption to glutathione-Sepharose beads, the
rabbit GSK3b was immunoprecipitated, and the immune
complexes were incubated with MBP and [g-P32]ATP inZAK1 Will Phosphorylate and Activate
10 mM Mg21, conditions optimal for GSK3 but inhibitoryGSK3 In Vitro
for ZAK1. Following tyrosine phosphorylation by GST-Consistent with the epistatic and biochemical relation-
ZAK1-DI, an activation of GSK3b was observed in vitroships between ZAK1 and GSK3, ZAK1 may directly
using either MBP (Figure 7B) or the GSK3-specific pep-phosphorylate and consequently activate GSK3. Since
tide (Plyte et al., 1999) as a substrate (Figure 7C). Identi-14 of 16 tyrosine residues of Dictyostelium GSK3 are
cal results for tyrosine phosphorylation and activationconserved in mammalian GSK3b, we tested whether
of GSK3b in vitro were obtained using GST-ZAK1-FLpurified GST-ZAK1-DI and GST-ZAK1-FL would phos-
(L. K. and A. R. K., unpublished observations). Thus,phorylate and activate recombinant rabbit GSK3b in
ZAK1 can phosphorylate directly and consequently acti-vitro. 10 mM Mn21 is inhibitory for GSK3b (Wang et
vate GSK3.al., 1994) but is optimal for ZAK1 activity. Under these
conditions, GSK3b has only limited tyrosine autophos-
phorylation, and tyrosine phosphorylation was greatly Discussion
augmented by Dictyostelium ZAK1-DI (Figure 7A), con-
firming GSK3b as a PTK substrate for ZAK1. Further- We have characterized the novel, nonreceptor protein
tyrosine kinase ZAK1 and identified a target substrate,more, the ability of ZAK1 to phosphorylate GSK3b that
had been preautophosphorylated to saturation (with un- GSK3, a protein kinase essential for cAMP-directed
body axis formation in Dictyostelium (Harwood et al.,labeled ATP) suggests that the ZAK1 phosphorylation
Tyrosine Kinase Activation of GSK3
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Figure 6. Loss of GSK3 Hyperactivation in zak1-Nulls
(A) Whole-cell lysates were prepared throughout development from wild-type (wt), zak1-nulls (zak12), and gsk3-nulls (gsk32) and assayed for
GSK3-specific activity with a peptide substrate. Activity data were normalized to levels of GSK3 protein in the extracts (see Figure 6B). For
gsk3-null extracts, identical data are obtained for assays done in the presence and absence of 200 mM LiCl. Data for car3-nulls (car32) are
included for comparison and are cited from Plyte et al. (1999).
(B) Developmental GSK3 Western blot. Approximately 100 mg of total protein from different developmental times (hr) of wild type (wt) and
zak1-nulls (zak12) were loaded in each lane and probed with the GSK3-specific 4G-1E antibody.
(C) Whole-cell lysates were prepared from wild-type and zak1-nulls from dissociated mounds (0), treated with (1) or without (2) 1 mM cAMP
for 10 min. Extracts were assayed by peptide substrate for GSK3-specific activity, normalized for GSK3 protein levels.
(D) Whole-cell lysates were prepared from dissociated wt and car3-null cells carrying the cotB/ZAK1 with N-terminal FLAG following treatment
with (1) or without (2) 1 mM cAMP for 10 min. Extracts were immunoprecipitated with anti-FLAG antibody and assayed for ZAK1 kinase
activity with the MBP substrate or blotted with affinity-purified a-ZAK1 sera.
1995; Ginsburg and Kimmel, 1997; Plyte et al., 1999) CAR3, and GSK3 is a direct target for phosphorylation
and activation by ZAK1.and for cell fate specification by Wnt/wg signaling in
metazoa (Moon and Kimelman, 1998; Shulman et al., Wild-type slugs have a higher GSK3 activity than do
zak1-null or car3-null slugs despite the indistinguishable1998; Nusse, 1999). As the first identified tyrosine kinase
required for cell fate determination in the facultative levels of GSK3 protein among the strains. The four 7-TM
cAMP morphogen receptors (CARs) of Dictyosteliummulticellular eukaryote Dictyostelium, ZAK1 function
emphasizes the significance of phosphotyrosine signal- have unique spatiotemporal expression patterns and
essential roles for Dictyostelium development (see Rog-ing at the border of metazoan differentiation (Baldauf
and Doolittle, 1997; Darnell, 1997; Hunter and Plowman, ers et al., 1997). GSK3 and the CARs play central roles
in the regulation of axis formation (Saxe et al., 1993;1997). While its tandem, dual kinase architecture is remi-
niscent of the JAKs, apart from their kinase domains, Louis et al., 1994; Harwood et al., 1995; Ginsburg and
Kimmel, 1997). From genetic, biochemical, and molecu-the proteins share no structural features. Like the JAKs,
the C-terminal (DI) kinase of ZAK1 is a true PTK that lar studies, we had proposed that CAR4 inhibits GSK3
activity, by a mechanism analogous to GSK3 inhibitionhas both auto- and transphosphorylation activity, but,
unlike the pseudokinase character of the N-terminal (DII) by Wnt/wg signaling (Ginsburg and Kimmel, 1997), and
that antagonistic actions of CAR4 and CAR3 (and per-kinase of the JAKs, the ZAK1 equivalent is a PSK with
autocatalytic activity, however limited. The in vitro data haps CAR1 [see Ginsburg and Kimmel, 1997; Verkerke-
Van Wijk et al., 1998; Plyte et al., 1999]) converge atalso argue that the DII PSK domain may be regulatory
for the DI PTK activity, and it is interesting to speculate GSK3 to specify prestalk/stalk and prespore/spore cell
fates (Ginsburg and Kimmel, 1997).that the in vivo mechanism for PTK activation of ZAK1
during development may, in part, serve to repress an Plyte et al. (1999) have recently described a positive
role for CAR3 in GSK3-dependent regulation of pre-inhibitory role of the DII PSK.
Early developmental events are not grossly affected spore/spore cell differentiation. Both gsk3- and car3-
nulls are severely compromised in spore formation. Fur-by the loss of ZAK1 function, but subsequent processes
are significantly defective. The severe reduction of spor- ther, car3-nulls exhibit reduced levels of GSK3 kinase
activity during development and fail to activate GSK3ulation and the loss of inhibition of stalk formation in
zak1-nulls are similar to the phenotypes exhibited by in response to the cAMP morphogen. These data did
not discriminate among a variety of mechanisms forDictyostelium cells that lack GSK3 or CAR3 (Plyte et al.,
1999). The genetic and biochemical experiments sug- GSK3 activation via CAR3 (e.g., modification, subcellular
redistribution, differential assembly with binding com-gest that ZAK1, CAR3, and GSK3 function in the same
regulatory pathway; ZAK1 is a downstream effector of ponents, or direct activation). We have shown here that
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with G proteins (Jin et al., 1998). Potentially, CAR3 acti-
vation of ZAK1 may define this G protein±independent
pathway and may recall a direct physical association
described for JAK2 with the 7-TM angiotensin II AT1
and serotonin 5-HT2A receptors (Ali et al., 1997; Guillet-
Deniau et al., 1997).
ZAK1 function as an activating GSK3 kinase may yet
provide novel insight into conserved regulatory mecha-
nisms that establish embryonic body plans in diverse
metazoa. The morphogen-mediated activation of ZAK1
leading to the phosphorylation and activation of GSK3
defines a novel pathway that regulates a component
essential for Dictyostelium development, Wnt/wg 7-TM
receptor signaling, and tumor suppression, although an
activating pathway for GSK3 contrasts with the current
paradigm for a constitutively active enzyme under nega-
tive control by Wnt/wg signaling (Moon and Kimmelman,
1998; Shulman et al., 1998; Nusse, 1999). While active
GSK3 in concert with APC, slimb/TrCP, and axin/con-
ductin is suggested to destabilize cytosolic b-catenin
protein levels, thereby inhibiting b-catenin-dependent
gene expression, it must also be emphasized that not
all Wnt cell specification pathways can be explained
directly through inhibition of GSK3 and activation of
b-catenin-dependent pathways (e.g., see Torres et al.,
1996). Our report provides evidence for an activation
pathway for GSK3 in the context of receptor stimulation
Figure 7. ZAK1 Phosphorylates and Activates Mammalian GSK3b and cell fate patterning in Dictyostelium. It will be signifi-
In Vitro cant to determine whether ZAK1 orthologs or function-
(A) Purified rabbit GSK3b, GST, and GST-ZAK1-DI (ZAK1-D1) were ally equivalent PTKs induce the activation of GSK3b to
incubated in various combinations as indicated with [g-32P]ATP in
regulate cell fate specification and tumor suppression10 mM MnCl2. The reactions were assayed by SDS±PAGE, treated
in other organisms, perhaps by antagonizing Wnt/wgwith 1N KOH at 558C for 90 min, and autoradiographed to determine
signaling.levels of auto- and transtyrosine phosphorylation. More than 95%
of phosphoserine bonds are sensitive to KOH, while ,5% of phosho-
tyrosine is hydrolyzed (see Experimental Procedures). In separate Experimental Procedures
reactions (see 1*) using unlabeled ATP, GSK3 was preautophos-
phorylated to saturation with 10 mM MgCl2. The unlabeled ATP Dictyostelium Cell Culture and Development
and 10 mM MgCl2 were removed with desalting columns, and the Wild-type Dictyostelium discoidium axenic strain Ax-3 and car3-null
prephosphorylated GSK3 (1*) was incubated with [g-32P]ATP and cells (Johnson et al., 1993) were grown in HL5 medium. zak1-null cells
10 mM MnCl2 in the presence or absence of GST-ZAK1-D1. These were grown in HL5 with blasticidin (5 mg/ml), and gsk3-null cells
reactions were also assayed by SDS±PAGE, treated with 1N KOH were grown in HL5 with blasticidin and thymidine. Cells were devel-
at 558C for 90 min, and autoradiographed to determine levels of oped on 1.5% agar DB (2 mM MgCl2, 0.2 mM CaCl2, 7.4 mM NaH2PO4,
auto- and transtyrosine phosphorylation. 4 mM Na2HPO4´7H2O) plates or on nitrocellulose filters atop DB
(B and C) Using unlabeled ATP in reactions that paralleled those in pads at a surface density of 107 cells/cm2. For other morphological
Figure 7A, the GSK3-containing supernatants were recovered after studies, cells were plated with Klebsiella aerogenes on 2% agar SM
removing GST fusion proteins by absorption to glutathione-Sepha- plates (1% glucose, 1% bacto-peptone, 0.1% yeast extract, 4 mM
rose. GSK3b was immunoprecipitated from the supernatants with MgSO4, 20 mM KH2PO4, 8 mM K2HPO4). Monolayer spore and stalk
anti-GSK3-specific sera and assayed with [g-32P]ATP in 10 mM assays are described (Harwood et al., 1995). For culture studies,
MgCl2, using MBP (B) or peptide (C) substrates. cells were developed to the mound stage, dissociated, and incu-
bated at 2 3 107 cells/ml in DB with or without 200 nM DIF-1 and/
or 1 mM cAMP.
car3-nulls are defective in ZAK1 activation, and that Isolation of ZAK1 cDNA
zak1-nulls are unable to activate GSK3 in response to Plaques (5 3 105) from a Dictyostelium discoidium 11±16 hr cDNA
expression library (very kindly provided by Dr. R. A. Firtel) werecAMP, suggesting that ZAK1 functions as a downstream
screened using antiphosphotyrosine antibody RC20 (Transductioneffector of CAR3 to relay an activation signal to GSK3.
Labs). Twenty independent cDNA clones were isolated, and twoThe ability to directly phosphorylate and consequently
of them encoded ZAK1. The ZAK1 gene is designated zakA for
activate GSK3 by ZAK1 in vitro further suggests that Dictyostelium nomenclature, but for the consistency with other no-
ZAK1 acts directly on GSK3 and, thus, lies immediately menclatures we also refer to the gene as ZAK1 (AF200688).
upstream in its activation pathway. This mechanism rep-
zak1-Null and gsk3-Null Cellsresents evidence for a functional modification linked to
The blasticidin-resistance cassette was subcloned into the EcoRVthe activation of GSK3 upon response to morphogen
site of ZAK1 cDNA, in kinase domain I (see Figure 1). Thirty micro-stimulation. Our previous data had suggested that
grams of the construct was linearized at PstI and KpnI sites and
GSK3-dependent prespore gene expression and ecmB mixed with 2.4 3 107 log phase Ax-3 cells in electroporation buffer
repression may be mediated by CAR stimulation by a (50 mM sucrose, 10 mM NaPO4 [pH 6.1]), and the cells were pulsed
with 1.0 kV, 3 mF for 1 ms. Cells were grown in nonselective mediaprocess that did not require a productive interaction
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for 1 day, blasticidin media for 3 days, and fresh selective media Dr. C. Londos for their continued advice and Dr. X. Mu, Dr. J. Brzos-
towski, Dr. B. Oliver, and Dr. L. Kreppel for their valued discussions.for another 4 days. Single colonies were picked, screened by PCR,
and confirmed by genomic Southern blot hybridization for ZAK1
disruption. Ten independent zak1-null positives from separate plat- Received April 13, 1999; revised October 22, 1999.
ings or transformations were isolated. A similar procedure was used
to generate a gsk3-null strain. The blasticidin-resistance cassette
Referenceswas inserted into the NcoI site of a Dictyostelium GSK3 (gskA) cDNA
(Harwood et al., 1995) and transformed into Dictyostelium cell line
Adams, D. (1979). The Hitchhiker's Guide to the Galaxy (New York:JH10 (Saxe et al., 1993). zak1-null strains are ARK100-110, and
Harmony Books).gsk3-nulls are ARK200-201. All experiments were confirmed with
Adler, K., Gerisch, G., von Hugo, U., Lupas, A., and Schweiger, A.multiple strains.
(1996). Classification of tyrosine kinases from Dictyostelium dis-
coideum with two distinct, complete or incomplete catalytic do-
Recombinant ZAK1 mains. FEBS Lett. 395, 286±292.
Full-length [GST-ZAK1-FL (Y3-G759)], DI [GST-ZAK1-DI (I316- Ali, M.S., Sayeski, P.P., Dirksen, L.B., Hayzer, D.J., Marrero, M.B.,
G759)], and DII [GST-ZAK1-DII (Y3-I370)] forms of ZAK1 were sub- and Bernstein, K.E. (1997). Dependence on the motif YIPP for the
cloned in-frame at their N termini with the glutathione S-transferase physical association of JAK2 kinase with the intracellular carboxyl
(GST) expression vector pGEX-4T-2. GST fusion proteins were in- tail of the angiotensin II AT1 receptor. J. Biol. Chem. 272, 23382±
duced in E. coli at 228C by 0.4 mM IPTG treatment and purified using 23388.
glutathione-Sepharose beads (Pharmacia). Detailed procedures are
Baldauf, S., and Doolittle, W.F. (1997). Origin and evolution of thedescribed (Kim and Wong, 1995). A FLAG (MDYKDDDDK) coding
slime molds (Mycetozoa). Proc. Natl. Acad. Sci. USA 94, 12007±oligonucleotide was fused in-frame to amino acid Y3 codon of ZAK1.
12012.The FLAG-ZAK1 fusion was subcloned into vectors for expression
Brannon, M., Gomperts, M., Sumoy, L., Moon, R.T., and Kimelman,in prespore cells with the cotB promoter. ZAK1 was used for expres-
D. (1997). A beta-catenin/X-Tcf-3 complex binds to the siamoi pro-sion in prestalk cells with the ecmB promoter. Cell populations were
moter to regulate dorsal axis specificiation in Xenopus. Genes Dev.selected for growth in G418, and expression was confirmed by
11, 2359±2370.Western blot assay.
Clevers, H., and van de Wetering, M. (1997). TCF/LEF factor earn
their wings. TIG 13, 485±489.
Antisera
Cooper, J.A. and Hunter, T. (1981). Four different classes of retrovi-
Anti-ZAK1 sera were raised in rabbits against purified GST-ZAK1
ruses induce phosphorylation of tyrosines present in similar cellular
fusion protein and affinity purified to recombinant GST-ZAK1-FL or
proteins. Mol. Cell. Biol. 1, 394±407.
GST-ZAK1-DII protein. Anti-carboxy-terminal GSK3 antibody from
Darnell, J.E. (1997). Phosphotyrosine signaling at the single cell:Calbiochem was used to immunoprecipitate rabbit GSK3b, and
metazoan boundary. Proc. Natl. Acad. Sci. USA 94, 11767±11769.monoclonal anti-shaggy, 4G-1E antibody from Upstate Biotech was
Ginsburg, G.T., and Kimmel, A. (1997). Autonomous and nonautono-used to immunoblot for Dictyostelium GSK3. It must be emphasized
mous regulation of axis formation by antagonistic signaling viathat Dictyostelium GSK3 cannot be immunoprecipitated by any
7-span cAMP receptors and GSK3 in Dictyostelium. Genes Dev. 11,known commercial preparations of GSK3 antibodies, nor have we
2112±2123.been successful to generate an anti-Dictyostelium GSK3 antibody
that is capable of immunoprecipitation. PY20, a monoclonal anti- Girault, J.A., Labesse, G., Mornon, J.P., and Callebaut, I. (1999). The
body to phosphotyrosine, was from Transduction Labs. Anti-FLAG N-termini of FAK and JAKs contain divergent band 4.1 domains.
antibody D-8 was from Santa Cruz Biotechnology. TIBS 24, 54±57.
Guillet-Deniau, I., Burnol, A.F., and Girard, J. (1997). Identification
and localization of a skeletal muscle serontonin 5-HT2A receptorKinase Assays
coupled to the JAK/STAT pathway. J. Biol. Chem. 272, 14825±14829.Immunoprecipitation and immune complex kinase assays were de-
Hanks, S., and Hunter, T. (1995). The eukaryotic protein kinase su-scribed previously (Kim and Wong, 1995). Protein serine/threonine
perfamily: kinase (catalytic) domain structure and classification.(GST-ZAK1-DII and GSK3) kinase assays were optimal in 10 mM
FASEB J. 9, 576±596.Mg21, and protein tyrosine (ZAK1, GST-ZAK1-FL, and GST-ZAK1-
DI) kinase assays were optimal in 10 mM Mn21. Myelin basic protein Harwood, A., Plyte, S.E., Woodgett, J., Strutt, H., and Kay, R.R.
(MBP) was purchased from Sigma, and recombinant rabbit GSK3b (1995). Glycogen synthase kinase 3 regulates cell fate in Dictyostel-
was from New England Biolabs. Peptide assays were as described ium. Cell 80, 139±148.
by Plyte et al. (1999). Reproducibility of the GSK3 kinase assays He, X., Saint-Jeannet, J.P., Woodget, J.R., Varmus, H.E., and Dawid,
was 6 5%, and the data represent the averages of three independent I.B. (1995). Glycogen synthase kinase-3 and dorsalventral patterning
experiments. in Xenopus embryos. Nature 374, 617±622.
Tyrosine phosphorylation was assayed by 1N KOH treatment of
He, T.C., Sparks, A.B., Rago, C., Hermeking, H., Zawel, L., Da Costa,SDS gels at 558C for 90 min (Cooper and Hunter, 1981). In control
L.T., Norin, P.J., Vogelstein, B., and Kinzler, K.W. (1998). Identifica-experiments, greater than 95% of phosphoserine bonds were sensi-
tion of c-Myc as a target of the APC pathway. Science 281, 1509±tive to hydrolysis by KOH, while less than 5% of phosphotyrosine
1512.bonds were hydrolyzed by KOH under identical conditions.
Hughes, K., Nikolakaki, E., Plyte, S.E., Totty, N.F., and Woodgett,
J.R. (1993). Modulation of the glycogen synthase kinase-3 family by
Nucleic Acid Analyses tyrosine phosphorylation. EMBO J. 12, 803±808.
Total RNA and genomic DNA blots were as described (Louis et Hunter, T., and Plowman, G.D. (1997). The protein kinases of budding
al., 1994). RNAs were always carefully monitored for integrity and yeast: six score and more. TIBS 22, 18±22.
equivalent loadings by monitoring rRNA staining patterns and hy-
Jin, T., Soede, R., Liu, J., Kimmel, A.R., Devreotes, P.N., and Schaap,
bridization profiles.
P. (1998). Temperature-sensitive Gb mutants discriminate between
G-protein dependent and G-protein independent gene regulation
and signaling mediated by serpentine receptors. EMBO J. 17, 5076±Acknowledgments
5084.
Johnson, R., Saxe, C.L., Gollop, R., Kimmel, A.R., and Devreotes,We are extremely grateful to the generosity of Dr. A. Harwood for
communication of unpublished data, of Dr. J. Vandenheede for ad- P.N. (1993). Identification and targeted disruption of the gene for
CAR3, a cAMP receptor subtype expressed during multicellularvice on the GSK3 antibodies, and of Dr. R. Firtel for providing a
cDNA expression library. We also thank Dr. P. Schwartzberg and stages of Dictyostelium development. Genes Dev. 7, 273±282.
Cell
408
Johnson, L.N., Noble, M.E.M., and Owen, D.J. (1996). Active and
inactive protein kinases: structural basis for regulation. Cell 85,
149±158.
Kay, R.R. (1987). Cell differentiation in monolayers and the investiga-
tion of slime mold morphogens. Methods Cell Biol. 28, 433±448.
Kim, L., and Wong, T.W. (1995). The cytoplasmic tyrosine kinase
FER is associated with the catenin-like substrate pp120 and is acti-
vated by growth factors. Mol. Cell. Biol. 15, 4553±4561.
Leonard, W.J., and O'Shea, J.J. (1998). JAKs and STATs: biological
implications. Annu. Rev. Immun. 16, 293±322.
Louis, J.M., Ginsburg, G.T., and Kimmel, A.R. (1994). The cAMP
receptor CAR4 regulates axial patterning and cellular differentiation
during late development of Dictyostelium. Genes Dev. 8, 2086±2096.
Luo, H., Rose, P., Barber, D., Hanratty, W.P., Lee, S., Roberts, T.M.,
D'Andrea, A.D., and Dearolf, C.R. (1997). Mutation in the Jak Kinase
JH2 domain hyperactivates Drosophila and mammalian Jak-Stat
pathways. Mol. Cell. Biol. 17, 1562±1571.
Moon, R.T., and Kimelman, D. (1998). From cortical rotation to orga-
nizer gene expression: toward a molecular explanation of axis speci-
fication in Xenopus. BioEssays 20, 536±545.
Nusse, R. (1999). Wnt targets. TIGS 15, 1±3.
Plyte, S.E., O'Donovan, E., Woodgett, J.R., and Harwood, A.J. (1999).
Glycogen synthase kinase-3 (GSK-3) is regulated during Dictyostel-
ium development via the serpentine receptor cAR3. Development
126, 325±333.
Resh, M.D. (1994). Myristylation and palmitylation of Src family mem-
bers: the fats of the matter. Cell 76, 411±413.
Richardson, D.L., Loomis, W.L., and Kimmel, A.R. (1994). Progres-
sion of an inductive signal activates sporulation in Dictyostelium
discoideum. Development 120, 2891±2900.
Rogers, K., Ginsburg, G.T., Mu, X., Gollop, R., Balint-Kurti, P., Louis,
J.M., and Kimmel, A.R. (1997). The cAMP receptor family of Dictyo-
stelium discoideum: expression, regulation, function. In Dictyostel-
ium: a Model System for Cell and Developmental Biology. Y. Maeda,
K. Inouye, and I. Takeuchi, eds. (Tokyo: Universal Academy Press),
pp. 163±172.
Roose, J., Molenaar, M., Peterson, J., Hurenkamp, J., Brantjes, H.,
Moerer, P., van de Wetering, M., Destree, O., and Clevers, H. (1998).
The Xenopus Wnt effector Xtcf-3 interacts with Groucho-related
transcriptional repressors. Nature 395, 608±612.
Saxe, C.L., Ginsburg, G.T., Louis, J.L., Johnson, R., Devreotes, P.N.,
and Kimmel, A.R. (1993). CAR2, a prestalk cAMP receptor required
for tip formation and late development in Dictyostelium. Genes Dev.
7, 262±272.
Shulman, J.M., Perrimon, N., and Axelrod, J.D. (1998). Frizzled sig-
naling and the developmental control of cell polarity. TIGS 14,
452±458.
Taylor, S.S., Radzio-Andzelm, E., and Hunter, T. (1995). How do
protein kinases discriminate between serine/threonine and tyro-
sine? Structural insights from the insulin receptor protein-tyrosine
kinase. FASEB J. 9, 1255±1266.
Torres, M.A., Yang-Snyder, J.A., Purcell, S.M., DeMarais, A.A.,
McGrew, L.L., and Moon, R.T. (1996). Activities of the Wnt-1 class
of secreted signaling factors are antagonized by the Wnt-5a class,
and by a dominant negative cadherin, in early Xenopus develop-
ment. J. Cell. Biol. 133, 1123±1137.
Verkerke-Van Wijk, T., Kim, J.Y., Brandt, R., Devreotes, P.N., and
Schaap, P. (1998). Functional promiscuity of gene regulation by
serpentine receptors in Dictyostelium discoideum. Mol. Cell. Biol.
10, 5744±5749.
Wang, Q.M., Fiol, C.J., DePaoli-Roach, A.A., and Roach, P.J. (1994).
Glycogen synthase kinase-3b is a dual specificity kinase differen-
tially regulated by tyrosine and serine/threonine phosphorylation. J.
Biol. Chem. 269, 14566±14574.
